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FUNCTION ALIZED ACTIVE-NUCLEUS COMPLEX SENSOR 

CROSS-REFERENCE TO RELATED APPLICATIONS 
This application is a divisional of U.S. application serial number 09/903,279 

filed on July 1 1 , 2001 , now U.S. Patent No. , which claims priority to 

U.S. provisional application, serial number 60/218,549 filed on July 13, 2000. 
Priority is claimed to both applications, and both applications are incorporated herein 
by reference. 

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH 

OR DEVELOPMENT 
This invention was made with Government support under Contract No. 
DE-AC03-76SF00098 awarded by the Director, Office of Energy Research, Office of 
Basic Energy Sciences, Materials Sciences Division, Physical Biosciences Division, 
of the U.S. Department of Energy. Additionally, support was provided by the 
National Science Foundation Pre-Doctoral Fellowship Program. The Government 
has certain rights in this invention. 

INCORPORATION-BY-REFERENCE OF MATERIAL 
SUBMITTED ON A COMPACT DISC 

Not Applicable 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

A molecular or macromolecular structure and method of use are disclosed in 
which an active-nucleus is functionalized in at least a transient interaction with a 
target carrier to form a sensor that selectively associates with a target substrate or 
environment to produce a detectable signal. More specifically, a functionalized 
active-nucleus complex sensor is described in which an active-nucleus gas such as 
hyperpolarized xenon, hyperpolarized helium, or sulfur hexafluoride, or active-nuclei 
19 F derivatives are bound in a carrier structure having a binding region specific for a 
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target species. Upon binding to the target species the active-nucleus produces a 
detectable nuclear magnetic resonance signal or is detectable as a magnetic 
resonance imaging contrast agent. A plurality of target specific sensors may be 
utilized in the assaying and screening of samples containing the plurality of targets 
under either in vivo or in vitro conditions. 
2. Description of the Background Art 

The detection of biological molecules and their interactions is a significant 
component of modern biomedical research. In current biosensor technologies, 
simultaneous detection is limited to a small number of analytes by the spectral 
overlap of their signals. Recent biosensor technologies exploit surface plasmon 
resonance (1), fluorescence polarization (2), and fluorescence resonance energy 
transfer as detection methods (3). Although the sensitivity of such techniques is 
excellent, it has proven challenging to extend these assays to multiplexing 
capabilities because of the difficulty in distinguishing signals from different binding 
events. While nuclear magnetic resonance (NMR) spectroscopy is able to finely 
resolve signals from different molecules and environments, the spectral complexity 
and low sensitivity of NMR spectroscopy normally preclude its use as a detector of 
molecular targets in complex mixtures. Notable successes (4,5) in the application of 
NMR to such problems are still limited by long acquisition times or a limited number 
of detectable analytes. Laser polarized xenon NMR benefits from good signal to 
noise and spectral simplicity with the added advantage of substantial chemical shift 
sensitivity. 

US Patent No. 5,642,625 discloses a high volume hyperpolarizer for spin- 
polarized noble gas. A method and apparatus are presented that allow spin 
exchange between atoms of the noble gas and an alkali metal such as rubidium. 

Described in US Patent No. 5,785,953 is a magnetic resonance imaging 
technique using hyperpolarized noble gases as contrast agents. In particular, 
hyperpolarized xenon and helium are utilized in spatial distribution studies. 

The foregoing references/patents reflect the state of the art of which the 
applicant is aware and are tendered with the view toward discharging applicant's 
acknowledged duty of candor in disclosing information which may be pertinent in the 
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examination of this application. It is respectfully submitted, however, that none of 
these references/patents teach or render obvious, singly or when considered in 
combination, applicant's claimed invention. 

SUMMARY OF THE INVENTION 

An object of the present invention is to disclose a sensor and method of use 
comprising an active-nucleus (guest) and target carrier (host) that generates an 
NMR and/or MRI detectable signal upon association with a biological target. 

Another object of the present invention is to relate a biosensor and method of 
in vivo and in vitro assaying/screening use that comprises a functionalize active- 
nucleus complex that selectively binds to and signals the presence of a desired 
biological target species. 

A further object of the present invention is to describe biosensors and 
methods of in vivo and in vitro assaying/screening use that comprises a plurality of 
functionalize active-nucleus complexes with each complex selectively binding to and 
signaling the presence of a desired biological target species or analyte. 

Still another object of the present invention is to present a biosensor and 
method of use in which the biosensor comprises an active-nucleus bound to a target 
carrier in which when the target carrier binds to a target species/analyte a detectable 
signal is produced upon the binding or upon alterations in the target species/analyte 
or its environment after the binding. 

Yet a further object of the present invention is to disclose a plurality of 
biosensors and a multiplexed method of use in which each of the biosensors 
comprises an active-nucleus bound to a target carrier in which when the target 
carrier binds to a target species/analyte a detectable signal is produced upon the 
binding or upon alterations in the target species/analyte or its environment after the 
binding, wherein all the biosensors 1 signals are simultaneously detectable. 

Disclosed is a novel, functionalized active-nucleus sensor or biosensor that is 
directed to and signals the presence of a desired biological target species, often of 
biological origin or importance. An active-nucleus that presents a detectable signal to 
either nuclear magnetic resonance (NMR) or magnetic resonance imaging (MRI) 
techniques is utilized in conjunction with a target specific carrier that interacts with 
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both the active-nucleus and a biological target substrate or environment The active- 
nucleus is capable of at least a minimal transient binding to a targeting carrier. The 
targeting carrier associates with the target substrate or environment, thereby 
stimulating the production of or change in the detectable signal from the active- 
nucleus in a functionalized interaction. "Functionalized" implies that when the active- 
nucleus is bound, in at least a minimal transient manner, by the targeting carrier, that 
the active-nucleus then responds to and signals the association between the 
targeting carrier and the target substrate or environment. 

Since the basic subject invention enables the creation of several extremely 
powerful and versatile sensors and techniques that have eluded researchers for 
many years, a number of related embodiments are disclosed below. One 
requirement for the subject invention is that the reporter nucleus be sufficiently 
"active" or capable of producing a signal that is detectable by NMR or MRI 
techniques. Hyperpolarized noble gases such as xenon and helium meet this 
requirement, as do other nuclei such as 19 F, if present in sufficiently high 
concentrations. Thus, "active" implies that the nucleus generates a suitable signal 
that is capable of detection by NMR (either in strong or weak magnetic fields) and/or 
MRI contrast procedures. Several relatively standard techniques now exist for 
hyperpolarizing noble gases and include optical pumping or spin exchange 
procedures. 

It is important to appreciate that for the subject invention the signal produced 
by the functionalized active-nucleus is studied directly to follow the behavior of the 
biological target substrate or environment. For example, xenon (as indicated above, 
other suitable active-nuclei are also contemplated as being within the realm of this 
disclosure), has a chemical shift that is enormously sensitive to its local chemical 
environment. With the large xenon NMR signal created by optical pumping, the 
chemical shift can easily serve as a signature for the different chemical surroundings 
in which the xenon is found. Direct interaction between xenon and a target molecule 
has been observed by measuring the chemical shift and relaxation properties on 
xenon (in particular see, S. M. Rubin, M. M. Spence, B. M. Goodson, D. E. Wemmer, 
A. Pines, Proceedings of the National Academy of Sciences of the United States of 
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America 97, 9472-9475 (2000) that was part of the Provisional Application to which 
this application claims priority). However, the observation of this direct contact may 
be limited by the weak binding of xenon (or other suitable active-nuclei) to many 
target molecules of interest. To enhance the binding of the xenon, for example, to 
the biological target species/substrate/molecule/analyte of interest, and thus the 
population of xenon in contact with the target species/substrate/molecule/analyte, 
the xenon can be functionalized to strongly bind to the biological target 
species/substrate/molecule/analyte. This can be achieved by placing the xenon, or 
other suitable active-nuclei, in a target carrier that chemically recognizes and binds 
to the target. The target carrier has a first binding region that binds the xenon for at 
least a minimal transient period ("minimal" in the sense of a sufficiently long period of 
time to produce a useful signal) or, preferably, very strongly binds the xenon, and 
can not itself quickly relax the xenon polarization. Amplification of the sensing for 
both xenon and helium may be achieved by utilizing a "pool" of hyperpolarized 
active-nuclei atoms that either sense the environment by changes in the 
functionalized active-nucleus carrier complex (molecule, supramolecular, or 
microbubble environment) or else are in sufficiently rapid chemical exchange with 
active-nuclei in biosensor sites that are so sensitive, thereby amplifying the detection 
intensity yet further. 

The target carrier has a second binding region that binds to or reacts with the 
target species/substrate/molecule/analyte. The target carrier allows xenon, or other 
active-nuclei, to be held in close proximity to the desired target, giving rise to a signal 
at a distinctive frequency indicating the presence of the target 
species/substrate/molecule/analyte. The functionalized active-nucleus/target carrier 
complex can "recognize" any one of a wide variety of biological target 
species/substrates/molecules/analytes (virtually an unlimited set of 
organic/biomolecular structures) including biologically important species such as 
proteins, nucleic acids, carbohydrates, lipids, metabolites, and the like in either an in 
vitro or non-invasive in vivo setting at either high or low NMR utilized field strengths. 
For example, with diseases, the diagnostic power of the subject invention is quite 
clear. Various diseases present characteristic/defining targets such as unusual 
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membrane proteins, lipids, or carbohydrates, unusual analytes in body fluids, and the 
like whose presence can easily be detected with the subject invention. 

The subject method of assaying and screening for target species in in vivo 
and in vitro samples/subjects has many strengths, including the large signal to noise 
ratio afforded by the high polarization achieve with hyperpolarization of xenon, 
helium, and other suitable nuclei. With xenon, for example, there is a negligible 
natural presence of xenon, so there would be no interference from background 
xenon signals. In contrast to fluorescence (and other techniques that generate 
overlapping or interfering detection signals) assays and screening procedures, 
multiple functionalized active-nuclei tests are possible in one system (test-tube, 
plate, microplate, and the like), by creating active-nuclei carriers targeting different 
species/substrates/molecules/analytes or by altering the structure of the probe itself 
or both (see below). Each target would give rise to a separate active-nucleus 
chemical shift. These assays and screenings could also be carried out non- 
invasive^ in vivo, avoiding the exposure to radiation that radiometric assays and 
screenings require. In the case of optical pumping to create hyperpolarization of 
xenon and helium, because the large active-nuclei signals are generated by the 
optical pumping, high magnetic fields are unnecessary (as mentioned previously), 
and the chemical shifts can be detected in low magnetic fields using a 
superconducting quantum interference device (SQUID). 

A preliminary calculation was performed (verified by the results obtained in 
Experimental Example #1 , found below) to explore the initial feasibility of the subject 
technique in vivo. Based on capabilities of current spectroscopy, 200 nanomoles of 
nuclear spins are necessary to measure a signal. To compete with or match other 
forms of assays or screening procedures, 20 picomoles of target species must be 
detectable, A factor of 10 4 in signal is required. The hyperpolarization compensates 
for at least a factor of 10 3 , and the additional factor of ten is gained by the relatively 
simplicity of the spectrum, contrasted with a target (protein and the like) spectrum. 

In its most basic configuration the subject invention comprises an active- 
nucleus and a target carrier that associates with both the active-nucleus and a 
desired target species to produce an detectable characteristic signal (typically a 
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chemical shift or relaxation time for NMR or a contrast capability for MRI). The 
functionalized active-nucleus complex or subject biosensor that may comprise one or 
more identical or varied second binding regions. Additionally, the functionalized 
active-nucleus complex or subject biosensor may have varied first binding regions. 
Also, both the first and second binding regions could be varied within the same 
subject biosensor. As indicated, the subject invention allows a huge array of possible 
target species/substrates/molecules/analytes to be assayed/screened for in a 
parallel or multiplexing detection style within a single sample/subject. 

Several possible active-nuclei gases exist, preferable hyperpolarized xenon 
and hyperpolarized helium, however, 19 F and similar nuclei, in sufficient 
concentration, are also contemplated. With fluorine atoms, an exemplary 
functionalized sensor comprises a target carrier having multiple fluorines such as a 
polyfluorinated dendrimer that selectively binds an organic target 
species/substrate/molecule/analyte or a form of fluorine such as sulfur hexafluoride 
trapped/bound within a functionalized (target specific binding) enclosing structure 
such as in "bubble" or "microbubble" environment as exemplified by a liposome, 
micelle, vesicle, bucky-ball type structures, natural and synthetic polymeric cages, 
and like. Conformational changes or alterations in the effective pressure on the 
"bubble" or "microbubble" would induce detectable signal variations from the subject 
biosensor. Variations in the immediate vicinity or environment of the biosensor 
should be detectable and include changes in ion concentrations, functioning of an 
ion channel, oxygen levels/distribution, neuron activity, and the like. It is noted that 
hyperpolarized xenon and hyperpolarized helium will also function as the signal 
reporting active-nuclei within similar functionalized "bubble" or "microbubble" 
structures. 

The first binding region of the targeting carrier interacts/associates/binds with 
the active-nucleus. This first binding region includes structures such as monoclonal 
antibodies, dendrimers, self-assembled lipid complexes, liposomes, cyclodextrins, 
cryptands, carcerands, microbubbles, micelles, vesicles, molecular tennis balls, 
fullerenes, many general cage-like structures, and the like. 

The second binding region in the targeting carrier comprises that portion of 
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the subject biosensor that interacts with the target 

species/substrate/molecule/analyte. It is noted that multiple second binding regions 
are contemplated and may be identical or varied for attachment to a plurality of 
target sites. 

The basic subject biosensor may contain additional useful 
components/structures. One or more "tether" regions may be included and serve to 
separate the first and second binding regions and to permit a region that may be 
further derivatized with additional moieties such as solubilizing regions. The 
solubilizing regions may contain polypeptides, carbohydrates, and other species that 
aid in solubilizing the subject probe. 

More specifically, a functionalized active-nucleus biosensor is disclosed that 
capitalizes on the enhanced signal to noise, spectral simplicity, and chemical shift 
sensitivity of suitable active-nuclei gases (for example only and not by way of 
limitation, hyperpolarized xenon, hyperpolarized helium, and sulfur hexafluoride) and 
polyfluorinated containing species (utilized to target organic molecules) to detect 
specific targets. One subject sensor embodiment utilizes laser polarized xenon 
"functionalized" by a biotin-modified supramolecular cage, including a tether region 
having a solubilizing region, to detect biotin-avidin binding. This biosensor 
methodology can be used in analyte assays and screening procedures or extended 
to multiplexing assays for multiple analytes of screenings for multiple species. 

Other objects, advantages, and novel features of the present invention will 
become apparent from the detailed description that follows, when considered in 
conjunction with the associated drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic model showing a first embodiment of the subject sensor 
illustrating a first binding region for holding the active-nucleus and a second binding 
region that associates with the target. 

FIG. 2 is the schematic model sensor shown in FIG. 1 with a target species 
bound to the second binding region. 

FIG. 3 is a schematic model showing a second embodiment of the subject 
sensor illustrating a first binding region identical to that depicted in FIG. 1 and a 
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varied second binding region. 

FIG. 4 is a schematic model showing a third embodiment of the subject 
sensor illustrating a varied first binding region and a second binding region identical 
to that depicted in FIG. 1 . 

FIG. 5 is a schematic model showing a fourth embodiment of the subject 
sensor illustrating both a varied first binding region and a varied second binding 
region, relative to those seen in FIG. 1. 

FIG. 6 is a schematic model showing a fifth embodiment of the subject sensor 
illustrating a first binding region and a plurality of varied second binding regions. 

FIG. 7 is a schematic model showing a sixth embodiment of the subject 
sensor illustrating a polyfluorinated first binding region and a second binding region 
that associates with an organic target species. 

FIG. 8 is a schematic model showing a seventh embodiment of the subject 
sensor illustrating a first binding region containing sulfur hexafluoride and a second 
binding region. 

FIG. 9A is a schematic model showing an eighth embodiment of the subject 
sensor illustrating a first binding region for holding the active-nucleus, a second 
binding region that associates with the target, and a tether region that connects the 
first and second binding regions. 

FIG. 9B is the eighth sensor embodiment, seen in FIG. 9A, bound to a target 
species. 

FIG. 10 is the eighth sensor embodiment, seen in FIG. 9A, illustrating an 
active-nuclei exchange process that enhances the generated detection signal. 

FIG. 1 1 is a specific chemical structure of the subject sensor, without an 
active-nucleus, showing a first binding region (cryptophane-A) for holding the active- 
nucleus, a second binding region that associates with the target, a tether region that 
connects the first and second binding regions, and a solubilizing polypeptide 
attached to the tether. 

FIG. 12 is the specific chemical structure shown in FIG. 1 1 with the active- 
nucleus xenon included within the cage-like, cryptophane-A, first binding region. 

FIG. 13 shows 129 Xenon NMR spectra that monitors the binding of a biotin- 
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functionalized xenon biosensor to avidin. 

FIG. 14 shows the effect of cage structure (cryptophane-A in the top "A" view 
and cryptophane-E in the bottom "B" view) on the bound xenon chemical shift . 

FIG. 15 is a schematic diagram showing multiplexing with functionalized 
xenon biosensors in which the top spectrum shows the three distinct functionalized 
xenon peaks, corresponding to different first binding region cages tethered to three 
second binding region ligands. The bottom spectrum shows the effect of adding the 
functionalized xenon biosensor to an unknown sample solution having targets. 

DESCRIPTION OF THE PREFERRED EMBODIMENT 

There are several preferred embodiments of the subject invention disclosed in 
the specification and depicted in FIGS. 1-15. In the subject invention's most basic 
configuration the subject invention comprises an active-nucleus (NMR or MRI 
detectable nuclei, preferably hyperpolarized xenon or hyperpolarized helium, 
however, 19 F is useful if present at sufficient levels) and a target carrier that 
associates with both the active-nucleus and a desired target to produce an 
detectable characteristic signal (typically a chemical shift or relaxation time for NMR 
or a contrast capability for MRI). FIG. 1 depicts the basic biosensor (the 
functionalized active-nucleus complex) 5 configuration and FIG. 2 shows the basic 
functionalized biosensor 5 bound to a target species/substrate/molecule/analyte 25. 
An active-nucleus 10 is bound in a targeting carrier. The targeting carrier comprises, 
at least, a first binding region 15, binding the active-nucleus, and a second binding 
region 20, wherein the second binding region 20 has a binding affinity for the target 
species/substrate/molecule/analyte 25 (the dashed line indicating the binding domain 
in the target). The detectable signal generated from the bound complex 5 in FIG. 2 is 
distinguishable from the detectable signal produced from the unbound complex 5 in 
FIG. 1 (see FIG. 13 for an equivalent signal shift). 

As indicated above, one extremely useful characteristic of the subject 
invention is that the signal produced from the subject sensor is highly dependent 
upon its immediate environment and that signals created from similar, but not 
identical, sensors can be distinguished and utilized to detect multiple target 
species/substrates/molecules/analytes within the same sample. For example, FIG. 3 
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depicts a functional ized active-nucleus complex or subject biosensor 5' that has a 
varied second binding region 21, relative to the second binding region 20 seen in 
FIGS. 1 and 2. Thus, biosensor 5' would bind to a different target 
species/substrate/molecule/analyte or a different location on the original target 
species/substrate/molecule/analyte 25. 

Additionally, FIG. 4 illustrates a functionalized active-nucleus complex or 
subject biosensor 5" that has a varied first binding region 16, relative to the first 
binding region 15 seen in FIGS. 1 and 2. Thus, biosensor 5" would generate a 
different signal than the signal produced by biosensor 5. 

Also, both the first 16 and second binding regions 21 could be varied, relative 
to the biosensor seen in FIGS. 1 and 2, within the same subject biosensor to form 
biosensor 5"', as seen in FIG. 5. As indicated, the subject invention allows a huge 
array of possible target species/substrates/molecules/analytes to be 
assayed/screened for in a parallel or multiplexing detection style within a single 
sample. 

FIG. 6 illustrates a subject biosensor that has several different second binding 
regions 20, 21, 22, and 23 attached to a first binding region producing sensor 5"". 
Sensor 5"" may bind to one or more targets via the presented second binding 
regions. 

As indicated, several possible active-nuclei gases exist for any target species, 
preferable hyperpolarized xenon, hyperpolarized helium, and sulfur hexafluoride, 
however, 19 F, in sufficient concentration, is also contemplated for organic/biological 
targets. With fluorine atoms, an exemplary functionalized sensor comprises a target 
carrier having multiple fluorines such as a polyfluorinated dendrimer that selectively 
binds an organic/biological target species/substrate/molecule/analyte, as seen in 
FIG. 7. The polyfluorinated first binding region 35 may be a dendrimer or other 
suitable structure, including, but not limited to natural and synthetic polymers and the 
like. Additionally, sufficient fluorine to produce an acceptable signal may be in the 
form of fluorine in sulfur hexafluoride and similar compounds. FIG. 8 illustrates sulfur 
hexafluoride 45 trapped/bound within a functionalized (target specific binding) 
enclosing structure 40 such as in "bubble" or "microbubble" environment as 
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exemplified by a liposome, micelle, vesicle, bucky-ball type structures, natural and 
synthetic polymeric cages, and the like. A second binding region 20 is coupled to the 
enclosing structure 40 and binds the target. Conformational changes or alterations in 
the effective pressure on the "bubble" or "microbubble" would induce detectable 
signal variations from the active-nucleus in a subject biosensor. Variations in the 
immediate vicinity of the biosensor should be detectable and include such changes 
as: ion concentrations, oxygen levels, neuron activity, and the like. It is noted that 
hyperpolarized xenon and hyperpolarized helium will also function as signal reporting 
active-nuclei within similar functionalized "bubble" or "microbubble" structures. 

It is noted that the subject targeting carrier comprises the first binding region 
(15 and 16 in FIGS. 1-6) that interacts/associates/binds with the active-nucleus. This 
first binding region includes structures such as monoclonal antibodies, dendrimers, 
self-assembled lipid complexes, liposomes, cyclodextrins, cryptands, cryptophanes, 
carcerands, microbubbles, micelles, vesicles, molecular tennis balls, fullerenes, 
many general cage-like structures, and the like. As long as structure or chemical 
nature of the first binding region permits effective signal producing interactions with 
the active-nucleus and binding to the target is not negated, a wide range of 
acceptable structures exists for this portion of the subject biosensor (the chemical 
shifts or relaxation times for the active-nucleus need to maintained as detectable). 

Further, it is stressed that the second binding region (20, 21 , 22, and 23 in 
FIGS. 1-6) in the targeting carrier comprises that portion of the subject biosensor that 
interacts with the target species/substrate/molecule/analyte. The first and second 
binding regions may be essentially identical, overlapping, or coextensive or 
separated by a plurality of atoms. 

Clearly, the embodiments structures depicted in FIGS. 1-8 for the basic 
subject biosensor may contain additional useful components/structures. As seen in 
FIGS. 9A and 9B, one, or more, "tether" or "linker" or "spacer" regions 50 may be 
included in the biosensor 6. Specifically, FIG. 9A shows a biosensor comprising a 
first binding region 15 for the active-nucleus, a bound active-nucleus 10, a second 
binding region 20 for the target, and a tether 50. The tether 50 serves to separate the 
first 15 and second 20 binding regions and may serve as a site where chemical 
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modification can occur. FIG. 9B illustrates the binding of the second binding group 
20 with a target 25. The chemical nature of the tether may be varied and includes 
polymethylenes, homo and heteropolymers, polyethers, amides, various functional 
group combinations, amino acids, carbohydrates, and the like. If desired, a plurality 
of tethered second binding groups may be bound to a first binding region, with each 
tether and/or second binding group the same or different. 

The tether may be derivatized to include a solubilizing region or other desired 
chemical feature such as additional binding sites and the like. The solubilizing region 
aids in solubilizing the biosensor in either a hydrophilic or hydrophobic environment. 
It is noted that a solubilizing region may also be included, either in addition to or 
separately, in the first and/or second binding regions. A water solubilizing region may 
include generally hydrophilic groups such as peptides, carbohydrates, alcohols, 
amines, and the like (for a specific example see FIGS. 11 and 12). 

FIG. 10 illustrates a subject biosensor in which the signal is enhanced by a 
rapid chemical exchange of the active-nuclei. Free active-nuclei 1 1 rapidly exchange 
with the active-nucleus 10 bound in the first binding region 15 to produce an overall 
increase in sensitivity by enhancing the signal. 

More specifically, a functionalized active-nucleus biosensor is disclosed that 
capitalizes on the enhanced signal to noise, spectral simplicity, and chemical shift 
sensitivity of a hyperpolarized xenon to detect specific biomolecules at the level of 
tens of nanomoles. Optical pumping (6) has enhanced the use of xenon as a 
sensitive probe of its molecular environment (7,8). Laser-polarized xenon has been 
utilized as a diagnostic agent for medical magnetic resonance imaging (MRI) (9) and 
spectroscopy (10), and as a probe for the investigation of surfaces and cavities in 
porous materials and biological systems. As indicated for an active-nucleus, xenon 
provides information both through direct observation of its NMR spectrum (11-17) 
and by the transfer of its enhanced polarization to surrounding spins (18,19). In a 
protein solution, weak xenon-protein interactions render the chemical shift of xenon 
dependent on the accessible protein surface, and even allow the monitoring of the 
protein conformation (20). In order to utilize xenon as a specific sensor of target 
molecules the xenon was functionalized for the purpose of reporting specific 
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interactions with the molecular target. 

Specifically, a laser polarized xenon was "functionalized" by a biotin-modified 
supramolecular cage to detect biotin-avidin binding, thus, the specific target is avidin. 
Although, as previously indicated, the first binding region that holds the active- 
nucleus may be one of many possible structures, one suitable first binding region or 
cage is a member of the cryptophane family. Cryptophane has the following 
structure: 




Formula I 

Wherein n = 2 for cryptophane-A or n = 3 for cryptophane-E. 

FIG. 11 (showing Formula II) depicts a specific targeting carrier in which the 
first binding region cryptophane-A 15 is covalently attached to a tether 50, having a 
solubilizing region 55, and biotin as the second binding region 20 (see the Example 
#1 below for synthesis details). The solubilizing region comprises a short peptide 
chain (Cys-Arg-Lys-Arg) having positively charged groups at physiological pH 
values. 
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Formula II 



FIG. 12 (showing Formula III) shows the functionalized active-nucleus 
biosensor when the xenon 10 is bound within the first binding region cryptophane-A 
15 cage. 




Formula III 



EXPERIMENTAL EXAMPLE #1: FUNCTIONALIZED XENON AS A BIOSENSOR 

By way of example and not by way of limitation, one embodiment of the 
subject invention comprises a functionalized system that exhibits molecular target 
recognition. FIGS. 1 1 (without xenon) and 12 (with xenon) show a biosensor 
molecule designed to bind both xenon and protein. Analogous to the general 
schematic diagrams seen in FIGS. 9A and 9B f the specifically synthesized subject 
biosensor molecule consists of three parts: the cage 15, which contains the xenon 
10; the ligand 20, which directs the functionalized xenon 10 to a specific protein; and 
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the tether 50, which links the ligand 20 and the cage 15. In this molecule, it is 
expected that the binding of the ligand 20 to the target protein (as in analogous FIG. 
9B) will be reflected in a change of the xenon NMR spectrum. 

The biotin (ligand second binding region 20) and avidin (target species) 
couple was chosen because of its high association constant (~10 15 M" 1 ) (21) and the 
extensive literature characterizing binding properties of modified avidin or biotin (22). 
The cage 15 chosen for this embodiment was a cryptophane-A molecule (23) with a 
polar peptide chain (solubilizing region 55) attached in order to make the 
cryptophane-A water-soluble. 

The cryptophane-A-based biosensor molecule was synthesized by a modified 
template directed procedure (23). Starting from 3,4-dihydroxybenxaldehyde and 
using allyl bromide to reversibly protect the meta-hydroxyl group (24), one of the 6 
methoxyl groups in cryptophane-A was regioselectively replaced with a free hydroxyl 
group. Upon reacting with methyl bromoacetate followed by hydrolysis (25), the 
hydroxyl group in the modified cryptophane-A was converted to a carboxylic acid, 
which was subsequently coupled (using HOBt/HBTU/DlEA activation method) to the 
amino-terminus of a protected short peptide CysArgLysArg on rink amide resin. The 
resulting cryptophane-A-peptide conjugate was deprotected and cleaved off the resin 
using "Reagent K" (26), followed by purification with RP-HPLC (MicrosorbTM 
80210C5, RP-C18 column, flow4.5ml/min, buffer A: 0.1% TFA inH 2 0, buffer B: 0.1% 
TFA in CH 3 CN, linear gradient from 40% to 80% buffer B in 30 min). The purified 
conjugate was reacted with EZ-linkTMPEO-Maleimide activated biotin (Pierce) to 
give the desired functionalized water-soluble cryptophane-A, which was further 
purified by RP-HPLC (same conditions). The last two peptide conjugated-products 
were verified by matrix-assisted laser desorption/ionization (MALDI)-time of flight- 
(TOF) mass spectrometry. All other intermediates were confirmed by 1 H NMR and 
MALDI-Fourier Transform mass spectrometry (FTMS). 

Cryptophane-A has been shown to bind xenon with a binding constant 
K « 10 3 M" 1 in organic solvents (15) but the affinity is likely to increase in aqueous 
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solution because of the hydrophobic nature of xenon. The characteristic chemical 
shift for xenon inside a cryptophane-A molecule is very unusual for xenon dissolved 
in solution, approximately 130 ppm upfield from that of xenon in water. The only 
background xenon signal in the sample arises from xenon free in solvent, so the 
signal from the functionalized xenon is easily distinguishable. In the design of a 
xenon biosensor, a separate peak corresponding to xenon encapsulated by the cage 
is necessary, requiring both strong binding and a large difference between the xenon 
chemical shifts in the cage and solvent environments. The spin-lattice relaxation time 
for the functionalized xenon described herein was measured to be greater than 40 s, 
sufficient time for the required transfer, mixing, and detection of the polarized xenon. 

The biosensor solution was prepared by dissolving -0.5 mg of the 
cryptophane derivative (M.W.=2008 g mol' 1 ) in 700 yiL of D 2 0, yielding a 
concentration of -300 jaM. This concentration was consistent with absorbance 
measurements at 284 nm (8284 = 36,000 M" 1 cm" 1 , determined for unmodified 
cryptophane-A by successive dilutions of a solution of known concentration). 
Approximately 80 nmol of affinity purified egg white avidin (Sigma) was used without 
further purification. Only half of the sample was located inside the detection region, 
so spectra actually reflect detection of -40 nmol avidin monomer. Natural 
abundance xenon (Isotec) was polarized and introduced to the sample using 
previously described methods (16), showing -5% polarization for the spectra shown 
in FIGS. 13 and 14. All NMR spectra displayed were obtained in single acquisition 
experiments at a nominal 129 Xe frequency of 82.981 MHz. 

FIG. 13 shows the full 129 Xe NMR spectrum of the functionalized xenon in the 
absence of protein (the trace running near the bottom axis and having a far left peak 
and far right peaks). The far left peak at 193 ppm corresponds to xenon free in water 
while the far right peaks around 70 ppm are associated with xenon-bound 
cryptophane-A. The far right peaks are shown expanded in the center of FIG. 13, 
where the more intense, upfield peak (-70.7 ppm) corresponds to functionalized 
xenon and has a linewidth of 0.15 ppm (shown by the generalized schematic model, 
as seen in FIG. 9A). A smaller, middle peak (-71.5 ppm) approximately 1 ppm 
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downfield of the functionalized xenon peak is attributed to xenon bound to a bare 
cage, without linker and ligand. As the unfunctionalized caged xenon does not 
interact specifically with the protein, it serves as a useful reference for the chemical 
shift and signal intensity of the functionalized xenon in the binding event. 

Upon addition of -80 nmol of avidin monomer, a third peak (-73 ppm) 
appears approximately 2.3 ppm downfield of the functionalized xenon peak, 
attributable to functionalized xenon bound to the protein. Correspondingly, the peak 
assigned to free functionalized xenon decreases in intensity relative to the reference 
peak while its position remains unchanged. The peak (-73 ppm) observed upon the 
addition of avidin is an unambiguous identifier of biotin-avidin binding, and hence the 
presence of avidin in solution. 

The mechanism of the chemical shift change upon binding may result from 
actual contact between the cryptophane cage and the protein, leading to cage 
deformation and distortion of the xenon electron cloud. Changes in the rotational and 
vibrational motions of the cryptophane cage caused by binding to the protein could 
also affect the xenon chemical shift. Indeed, the sensitivity of xenon to perturbations 
of the first binding region cage is so great that deuteration of one methyl group 
results in a readily discernible change in the bound xenon chemical shift (17). 

The subject methodology described herein offers the capability of multiplexing 
by attaching different second binding regions ligands to different first binding region 
cages, forming xenon sensors associated with distinct, resolved chemical shifts. As 
an example of this feature of the subject invention, FIG. 14 shows the changes in 
bound xenon chemical shift caused by using two different first binding region cages. 
The top spectrum A is that of xenon bound to cryptophane-A (n = 2 in Formula 1 
above) in a tetrachloroethane solution and the lower spectrum B is that of xenon 
bound to cryptophane-E (n = 3 in Formula 1 above), similar to cryptophane-A, but 
with an additional methylene group added to each of the bridges between the caps. 
The resulting bound xenon chemical shift is -30 ppm upfield from that of xenon 
bound to cryptophane-A. The linewidths for cryptophanes A and E are broadened by 
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the exchange of xenon between the cage and tetrachloroethane, the organic solvent 
used. 

The diagram in FIG 15 indicates schematically a multiplexing system (multiple 
functionalized xenon biosensors) for protein assay or screening procedures. The 
binding event assay/screening procedures would be distributed over a large 
chemical shift range by attaching each second binding region ligand to a different 
first binding region cage. In the absence of the targeted proteins, the spectrum, 
depicted in FIG. 15, would consist of three resolved xenon resonances because of 
the effect on the xenon chemical shift caused by cage modifications. Upon binding 
each of the targeted proteins, the xenon peaks should shift "independently," 
signaling each binding event and reporting the existence of and amount of protein 
present. As long as the differences in shift between xenon in the different cages 
exceed the shift change upon binding, it should be possible to monitor and assign 
multiple binding events. In FIG. 15, the top spectrum shows the three distinct 
functionalized xenon peaks, corresponding to different cages linked to three ligands. 
The bottom spectrum shows the effect of adding the functionalized xenon to an 
unknown solution. Upon addition to the unknown solution, the leftmost peak shifts 
entirely, representing the case in which all functionalized xenon is bound to its 
corresponding protein. The central peak decreases in intensity and a peak 
corresponding to the protein-bound functionalized xenon appears. The rightmost 
peak remains unaffected, indicating the absence of the corresponding protein target. 

Thus, enabling experimental data for the subject functionalized active-nucleus 
biosensor has been disclosed that exploits the chemical shift of functionalized xenon 
upon binding to a target species/substrate/molecule/analyte. The approach has 
several critical advantages over aspects of current biosensors, in that multiplexing 
assays and both heterogeneous and homogenous assays are possible. 
Furthermore, this methodology can be performed in biological materials in vitro or in 
vivo by combining the spatial encoding capabilities of MRI with the biosensing NMR 
capabilities of the functionalized xenon sensor. As indicated above, potential targets 
include, are not limited to, metabolites, proteins, toxins, nucleic acids, and protein 
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plaques. It must be stated that, given the basic information presented herein, 
refinements of the subject functionalized detector molecules/sensors and the NMR 
procedures disclosed herein should further enhance the presented sensitivity by 
orders of magnitude, relative to the experimental example described herein and are 
within the realm of this disclosure. 

The invention has now been explained with reference to specific 
embodiments. Other embodiments will be suggested to those of ordinary skill in the 
appropriate art upon review of the present specification. 

Although the foregoing invention has been described in some detail by way of 
illustration and example for purposes of clarity of understanding, it will be obvious 
that certain changes and modifications may be practiced within the scope of the 
appended claims. 
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